SF  298  MASTER  COPY 


KEEP  THIS  COPY  FOR  REPRODUCTION  PURPOSES 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  NO.  0704-0188 


Public  reporting  burden  for  this  collection  of  infomnatwn  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comment  regarding  this  burden  estimates  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services.  Directorate  for  information  Operations  and  Reports,  1215  Jefferson 
Davis  Highway,  Suite  1204.  Arlington.  VA  22202*4302.  and  to  the  Office  of  Management  and  Budget.  Paperwork  Reduction  Project  (0704-0188),  Washington.  DC  20503. 


1.  AGENCY  USE  ONLY  (Leave  blank) 


4.  TITLE  AND  SUBTITLE 


2.  REPORT  DATE 
30  Sept  95 


Investigation  of  Optical  Processing,  Holography  and 
Interferometry  with  Femtosecond  Pulses 


3.  REPORT  TYPE  AND  DATES  COVERED 

Final  15  May  92  to  30  Sept  95 


5.  FUNDING  NUMBERS 


DAAL03-92-G-0230 


6.  AUTHOR(S) 

Emmett  N.  Leith 


7.  PERFORMING  ORGANIZATION  NAMESJS)  AND  ADDRESS(ES) 

University  of  Michigan 

Dept  of  Electrical  Engineering  and  Computer  Science 
Ann  Arbor,  MI  48109-2122 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Research  Office 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


11.  SUPPLEMENTARY  NOTES 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


DRDA  91-2935 
DRDA  92-0127 


10.  SPONSORING  /  MONITORING 
AGENCY  REPORT  NUMBER 


ftfLo  sm'j.ad'fH 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  be  construed  as 
an  official  Department  of  the  Army  position,  policy  or  uecision,  unless  so  designated  by  other  documentation. 


12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 


12  b.  DISTRIBUTION  CODE 


Approved  for  public  release;  distribution  unlimited. 


13.  ABSTRACT  (Max/mum  200  worbs/ 

A  variety  of  methods  were  developed  for  imaging  through  highly  scattering 
material,  such  as  biological  tissue.  The  aim  is  to  be  able  to  see  objects 
hidden  within  the  material.  The  techniques  use  advanced  electronic  cameras  that 
are  cooled  to  very  low  temperature,  as  well  as  considerable  computer  processing. 
Experimental  results  show  these  methods  to  be  highly  effective.  In  addition,  we 
developed  new  techniques  in  confocal  imaging,  including  a  method  for  enhancing 
the  depth-discrimination  capabilities  of  the  process.  Finally,  we  extended 
a  technique  we  developed  earlier:  the  transmission  of  three  dimensional  images 
through,  single,  single-mode  optical  fibers  using  monochromatic  light.  The 
imaging  process  works  on  the  basis  of  optical  coherence,  hence  the  process  is 
called  coherence  imaging. 


19960523  036 


14.  SUBJECT  TERMS 


electronic  holography,  first-arriving  light,  image  processing 


13.  inUMBER  IF  PAGES 

8 _ 

16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION  20.  LIMITATION  OF  ABSTRACT 
OR  REPORT  OF  THIS  PAGE  OF  ABSTRACT 


UNCLASSIFffiD 


UNCLASSIFIED 


D'xi-C  w; 


UNCLASSIFIED 


Standard  Form  298  (Rev.  2-89) 
Prescribed  by  ANSI  Std.  239-18 
298-102 


NSN  7540-01-280-5500 


r 


Investigation  of  Optical  Processing,  Holography  and 
Interferometry  with  Femtosecond  Pulses 


Final  Report 


Emmett  N.  Leith 
9/30/95 


submitted  to: 

U.  S.  Army  Research  Office 


Grant  No.  DAAL03-92-G-0230 
Grant  No.  DAAL03-92-G-0200 


submitted  by: 

Department  of  Electrical  Engineering  and  Computer  Science 
University  of  Michigan 
Ann  Arbor,  MI  48109-2122 


Approved  for  Public  Release:  Distribution  unUmited. 


THE  VIEWS,  OPINIONS,  AND/OR  FINDINGS  CONTAINED  IN  THIS  REPORT  ARE  THOSE  OF  THE 
AUTHOR(S)  AND  SHOULD  NOT  BE  CONSTRUED  AS  AN  OFFICIAL  DEPARTMENT  OF  THE  ARMY 
POSITION,  POLICY,  OR  DECISION,  UNLESS  SO  DESIGNATED  BY  OTHER  DOCUMENTATION. 


A.  .Statement  of  Problem  Studied 


A  severalfold:  to  investigate  electronic  holography  for 

i  dS  materials,  especially  biological  tissue,  to^explL 

3  dimensional  information  acquisition  with  short  pulse  light  and  to 

investigate  the  transmission  of  3-dimensional  uses  in  optic  fibers  usine 
coherence  techniques.  ° 

B.  .Summary  of  the  most  important  resulis 

Our  principle  results  during  this  grant  have  been  the  following:  (The 
wlrpubUshS^"^^  statements  refer  to  the  paper  in  which  the  work 

1.  We  ran  a  test  program  to  evaluate  different  methods  for  imaging  through 
biological  tissue,  using  chicken  breast.  We  developed  a  multiparameter  graph 
for  evaluation  purposes,  in  which  resolution  is  plotted  as  a  function  of 
specimen  thickness.  Theoretical  resolution  is  plotted  on  the  graph  for  a  range 

A  second  set  of  curves,  giving  compression  ® 
ratios  (the  ratio  of  the  point  spread  function  width  using  standard 
transillumination  to  the  point  spread  function  width  achieved  with  our 
processing  methods).  When  experimental  data  is  plotted  on  this  graph  it 
becomes  possible  to  ascertain  how  closely  we  are  achieving  the  theoretical 
resolution  and  also  to  ascertain  how  the  parameters  should  be  altered  to 
improve  the  imaging. 

In  the  process,  we  developed  a  simplified,  quite  useful  theory  for  computing 
the  expected  resolution  through  an  arbitrary  thickness  of  highly  scatter^ 
material,  assuming  no  more  than  that  the  material  is  essentially  a  Lambertian 
th^TyTret^3%^^''^'''^  experimental  program  verified  the  correctness  of  the 


2.  We  improved  our  first-arriving  light  imaging  system  by  replacing  the  old 
mechamcal  scanning  system  for  scanning  the  dye  laser  throughout  a 
prescribed  wavelength  range  with  an  electronic  modulator  that  can  do  the 
scanning  at  kilohertz  rates,  that  can  be  put  under  computer  control,  and  that 
can  give  an  arbitrary,  computer-controlled  nonlinearity  to  the  scan  so  as  to 
arbitrarily  shape  the  spectrum  of  the  dye  laser,  thus  shaping  the 
autocorrelation  function.  In  this  way,  we  hope  to  obtain  an  autocorrelation 
function  with  extremely  low  sidelobes,  which  should  enhance  the  capability 
for  achieving  high  signal  to  noise  ratio. 


1 


3.  We  developed  a  new  kind  of  holography,  which  we  call  mutual  coherence 
holography.  This  is  a  kind  of  image-plane  holography,  in  which  the 
holographic  image  is  always  formed  in  the  plane  of  the  recording  medium, 
even  though  in  the  hologram  formation  process,  it  is  unnecessary  to  image 
the  object  distribution  onto  the  hologram,  (ref.  4) 

4.  We  used  electronic  holography  to  image  through  living  human  tissue. 
Specifically,  we  imaged  a  pair  of  crossed  wires  through  the  flesh  of  a  living 
human  hand.  The  principle  significance  of  the  work  is  that  this  was 
accomplished  without  the  use  of  short  pulse  high  peak  intensity  laser  sources 
such  as  are  typically  used  for  imaging  of  human  subjects,  such  as  portrait 
holography,  but  with  a  cw  low  power  laser,  in  which  the  light  level  reaching 
the  object  surface  was  only  a  few  mw.  What  made  such  holographic  imaging 
possible  is  the  high  sensitivity  of  the  CCD  camera  and  its  capability  for 
making  multiple  holograms  in  rapid  succession,  thus  improving  the  signal  to 
noise  ratio,  (ref.  12) 

5.  A  confocal  imaging  system  based  on  broad  source  electronic  holography 
was  developed.  Such  a  system  achieves  confocal-type  imaging  without  the 
need  for  the  double  scanning  process  typically  required  for  confocal  systems. 
The  system  has  been  demonstrated  as  a  method  for  optical  sectioning,  i.e.,  it 
can  focus  on  a  narrow  range  within  a  3-D  object  and  reject  the  light  from 
other  depth  sections  of  the  object,  (ref.  9) 

6.  We  developed  a  spectral  dispersion  imaging  system  for  imaging  through 
scattering  media.  In  this  system,  the  first  arriving  light  principle  is  combined 
with  that  of  spectral  holography.  A  diffraction  grating  is  incorporated  into  the 
system  downstream  from  the  object,  so  that  both  the  object  and  reference 
beam  are  dispersed  into  their  spectral  components.  In  so  doing,  each  portion 
of  the  resulting  hologram  is  formed  with  narrow-band  light,  giving  fringes 
with  high  contrast,  and  ultimately,  an  image  with  high  signal  to  noise  ratio. 
This  system  is  a  solution  to  one  of  the  major  problems  of  the  holographic 
method  for  imaging  through  scattering  media:  ambient  background  produced 
by  the  portion  of  the  light  that  does  not  interfere  with  the  reference  beam  is 
detrimental,  leading  to  low  fringe  contrast.  Now,  all  of  the  light  interferes 
with  the  reference  beam,  and  the  fringe  contrast  is  high.  (ref.  7) 

7.  We  developed  a  new  idea  for  detection  of  non-stationary  objects;  The 
speckle  differencing  method.  We  expect  that  its  greatest  effectiveness  will  be 
when  it  is  combined  with  some  of  the  other  techniques  we  have  employed. 
The  method  depends  upon  the  motion  of  objects.  We  suppose  that  some 
objects  embedded  in  a  scattering  medium  have  motion.  The  light  that  has 
passed  through  the  scattering  medium  broadly  falls  into  two  categories:  Light 
that  has  not  been  scattered  by  both  the  stationary  scatterers  and  at  least  one 
moving  scatterer,  and  light  that  has  been  scattered  by  a  moving  scatterer. 
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The  former  produces  a  time  invariant  speckle  pattern,  and  the  latter  a  time 
variant  speckle.  Two  successive  speckle  patterns  are  recorded  by  the  CCD 
camera  and  subtracted.  The  process  at  once  removes  all  of  the  light  that  is  of 
no  interest.  This  process  gives  improved  SNR,  but  no  improvement  in 
resolution;  its  combination  with  some  of  the  resolution  improvement 
processes  appears  to  offer  a  powerful  capability  for  imaging  into  scattering 
media,  (ref.  19) 

8.  We  carried  out  a  project  on  time  lens  imaging.  The  time  lens  was 
invented  in  the  1960's,  but  has  seen  a  revival  of  interest  resulting  from  the 
development  of  ultrafast  optics.  We  advanced  the  theory  of  time  lenses  in 
several  ways,  the  most  significant  being  the  development  of  a  time  lens 
analog  of  spatially  incoherent  imaging  processes.  The  time  lens  has  a  number 
of  potential  applications;  in  particular,  it  can  aid  in  the  process  of  imaging 
through  scattering  media;  specifically,  it  has  the  possibility  of  time  scaling  a 
femtosecond-regime  pulse  into  a  much  longer,  picosecond-regime  pulse, 
which  makes  detection  of  the  1st  arriving  light  easier,  (ref.- 17) 

9.  We  returned  to  a  project  we  had  developed  earlier.  The  use  of  coherence 
imaging  for  forming  complete  3-D  images  through  a  single  optical  fiber.  We 
carried  the  theory  further,  and  we  were  able  to  obtain  some  rather  interesting 
experimental  results,  showing  resolution  in  the  depth  dimension,  (ref.  22) 

10.  Noise  analysis.  The  ability  to  image  through  highly  scattering  media  such 
as  biological  tissue  is  inherently  a  noisy  process,  and  there  are  a  variety  of 
noise  sources:  speckle  noise  from  the  scattering  nature  of  the  medium, 
photon  noise  from  the  rather  high  background,  "tail"  noise,  resulting  from 
the  lobes  or  tails  of  the  auto  correlation  function  of  the  illuminating  source 
light,  and  several  other  noise  sources.  An  in-depth  analysis  was  made  of  all 
of  these  noise  sources,  their  effect  on  the  detection  of  embedded  objects  and 
means  for  overcoming  the  effects  of  these  noise  sources.  This  work  will  be 
published  in  a  recently  accepted  paper,  (ref.  26) 

11.  Depth  discrimination  improvement  in  transmission  confocal  microscopy. 
Confocal  imaging  is  a  valuable  new  imaging  tool  for  microscopists.  Its  most 
significant  attribute  is  improved  depth  discrimination  when  imaging  into 
thick  specimens.  The  confocal  process  yields  suppression  of  the  images  from 
planes  of  the  object  that  are  not  in  focus;  this  discrimination's  considerably 
greater  than  that  offered  by  conventional  microscopy.  In  addition,  if  the 
microscopy  is  carried  out  in  the  reflection  mode,  as  opposed  to  the 
transmission  mode,  the  use  of  broadband  light  and  coherent  background 
offers  additional  depth  discrimination.  When  the  background  light  is 
coherent  with  the  image-bearing  light,  the  interference  between  the  two  can 
enhance  this  image,  whereas  light  from  a  different  depth  of  the  object  will 
have  traveled  a  path  of  different  length  and  will  therefore  be  incoherent  with 
the  backround  beam,  and  the  lack  of  interference  will  suppress  the  image 


3 


from  this  part  of  the  object.  Hence  the  temporal  coherence  properties  of 
broadband  light  enhance  the  depth  discrimination  beyond  that  afforded  by  the 
confocal  process. 

We  discovered  a  way  to  extend  this  temporal  coherence  enhancement  effect 
to  transmission  confocal  microscopy,  despite  the  lack  of  significant  path 
differences  between  the  light  scattered  from  objects  of  different  depth,  (ref.  25) 

12.  We  explored  in  considerable  depth  the  Fourier  decomposition  method  of 
imaging  through  scattering  media,  extending  it  in  several  ways  and  obtaining 
good  experimental  results.  This  work  resulted  in  published  articles  and  was 
the  greater  part  of  the  doctoral  dissertation  of  Eric  Arons,  (refs.  2,8,15,23,24) 

13.  The  previously  reported  method  of  first  arriving  light  speckle 
differencing  to  detect  moving  objects  embedded  in  highly  scattering  media 
was  extended  to  produce  what  we  call  fringe  differencing  (again,  in 
combination  with  first  arriving  light).  The  method  in  essence  involves 
taking  the  difference  of  a  complex  speckle  pattern  instead  of  merely  the 
intensity--a  feat  made  possible  by  the  holographic  recording  of  the  phase.  A 
significant  improvement  in  the  capability  for  imaging  into  scattering  media 
resulted. 

14.  We  conceived  a  new  method  of  imaging  into  scattering  media,  and  we  are 
currently  developing  it,  both  experimentally  and  theoretically.  The 
technique,  though  computation  intensive,  appears  to  be  one  of  considerable 
power.  We  will  be  reporting  on  it  at  a  forthcoming  Optical  Society  meeting  in 
Boston  this  April. 
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